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Abstract. Traditional hydrodynamic equations are adopted
to build a one-dimensional theoretical model to study the
effect of gravity wave on layered dusty plasma structures
formation and evolution near the polar summer mesospause
region associated with polar mesosphere summer echoes
(PMSE). The proposed mechanism gives consideration to the
charged ice particle motion by the gravity wave modulation,
making a signiﬁcant contribution to the vertical transport of
heavy ice particles and convergence into thin layers. And nu-
merical results show that the pattern of the multi-layer struc-
ture depends on the ration of the initial ice particles density
distribution to the vertical wavelength of the gravity waves,
the ice particle size and the wind velocity caused by gravity
wave. Also, the variation of ion density distribution under
the inﬂuence of gravity wave has also been examined. Fi-
nally, the electron density depletions (bite-outs) layers has
been simulated according to the charge conservation laws,
and the results are compared to the ECT02 rocket sounding
data, which agree well with the measuring.
Keywords. Atmospheric composition and structure (Middle
atmosphere – composition and chemistry)
1 Introduction
The polar mesopause is one of the most complicated regions
in the Earth’s middle atmosphere for scientiﬁc study. Owing
to the unique thermodynamics and dynamical structure, this
region is the coldest place in the Earth’s atmosphere during
summer with temperatures down to and even below 110 ◦K
(e.g., R¨ ottger, 1994; von Zahn and Meyer, 1998). Under cer-
tain circumstances, abundant water vapour in the lower at-
mosphere can ascend to the mesopause and form ice particles
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in this extremely low temperature condition (e.g., Seele and
Hartogh, 1999). These ice particles coexist with the plasma
of the ionospheric D-region and are charged by electron or
ion attachment, resulting in the polar summer mesopause
characterised as naturally weak ionized dusty plasma.
The larger ice particles scatter sunlight so that they form
an intriguing Noctilucent Clouds (NLC) phenomenon, which
can be observed by the naked eye. The occurrence rate of
NLC has possibly been increasing since their discovery in
1885 (Backhouse, 1885; Thomas, 1989). It is believed to be
an important indicator of global climate changes. Further-
more, the other phenomenon occurring in this region is the
polar mesosphere ehoes (PMSE) (Eklund and Balsley, 1981;
Cho and Kelley, 1993), which is also proved to be related
to these ice particles. PMSE are strong radar backscatter
and can be observed at frequencies from 50MHz to 1.3GHz
(Hoppe et al., 1988; R¨ ottger et al., 1998). Both the oc-
currence ration and the radar echo amplitude efﬁciency de-
crease with the increase of the radar frequency (e.g., Hoppe
et al., 1994; Belova et al., 2007). In recent years, several
theories have been put forward to explain the PMSE. A de-
tailed discussion can be found in a review on PMSE exper-
imental and theoretical study (Rapp and L¨ ubken, 2004). At
present, the physical mechanism for NLC is relatively clear
(e.g., Thomas, 1991). However, the mechanism of PMSE
has not yet been identiﬁed, which is true because of the com-
plex constituents of atmosphere and the middle atmospheric
dynamics processes in this region.
In order to investigate the mechanism of the PMSE phe-
nomena, studies on the relationship between PMSE and ice
particles behaviour have been conducted by using ground-
based radars and in situ rocket sounding when the PMSE
happen (e.g., Havnes et al., 1996; Havnes and Brattli, 2001;
Rapp and Strelnikova, 2009). One remarkable feature of
all measuring results is the fact that the charged ice parti-
cles often occur in the form of distinct layered structures and
corresponding electron density depletions (bite-outs) layers.
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Moreover, the strong echoes from the altitude range often
correspond to these layer regions (e.g., Hocking, 1987; Al-
cala et al., 2001). Therefore, in order to explain the mecha-
nism responsible for the strong echoes and in hopes of learn-
ing more about this region, the key problem is to understand
the physical mechanism of these exceptional layered dusty
plasma structures in the vicinity of the cold polar summer
mesopause. However, until now, the mechanism causing
these layered structures has remained an open question in
spite of some previous attempted explanations involving the
temperature variation, turbulence and the atmospheric pho-
tochemistry ionization and so on (Hill, et al., 1999; Rapp et
al., 2002; David, et al., 2003; Klumov et al., 2005).
Experimental and theoretical investigations (e.g. Bremer
et al., 1994; R¨ uster et al., 1996; Klostermeyer, 1997; Chilson
et al., 1997) have shown that the gravity wave plays a very
important role in producing PMSE phenomena. The upward
propagating gravity wave can cool this region and transport
water vapour from the lower atmosphere to the mesopause
region, which provides favourable conditions for ice particle
formation and growth. The above conclusion has been con-
ﬁrmed by several independent investigators (e.g., Thomas,
1996; L¨ ubken, 1999). So it generally makes certain that
the gravity wave is the key factor to these layered structures.
Although many of the previous studies have conﬁrmed that
these layered structures are related to the gravity waves ac-
tivity, some of these works (Hoffmann et al., 2005; Hoff-
mann et al., 2008) focus mainly on the temperature variation
by the gravity wave perturbation and this variation leads to
the ice particle growth, sedimentation and formation of these
layers. But many of the sounding rocket measuring results
(L¨ ubken et al., 2002) show that there are no such distinct
layered structures in the corresponding temperature proﬁle.
So, merely taking into account the thermodynamic variation
and the gravity force may not be enough to explain these
layered phenomena, especially, to explain the formation of
multi-layer structures. Until now, to our knowledge, an im-
portant aspect that has never been considered is the trans-
port of heavy ice particles under the inﬂuence of the gravity
waves. A model study of breaking gravity waves (Garcia and
Solomon, 1985)hasindicatedanupdraftvelocityoftheorder
of a few centimetres per second, which is of the same order
of magnitude as the fall speed of 10-nm particles. Due to the
very high neutral particle number density in the mesopause
region, the ice-neutral collision can keep ice particles sus-
pended for a long time in this region without falling and it
should not be neglected.
This work considers a possible mechanism that may pro-
duce the layered dusty plasma structures in the polar summer
mesopause. These ice layers ultimately produce the elec-
tron density depletion layers which may result in PMSE. The
present paper, for the ﬁrst time, considers the interaction of
the gravity wave with the ice particle in the polar summer
mesopause region, which may result in the ice particle con-
vergence into thin layers. The organisation of the paper is as
follows. The next section will present a one-dimensional the-
oretical model to describe dynamic process of the ice parti-
cle with the gravity waves activity, and the heavy dust grains
are treated as a ﬂowing background of negative charge. The
model is solved numerically and the result is discussed with
the different gravity wave parameter and ice particle size in
the section that follows. Finally, this theoretical model is
also tested with the ECT02 rocket sounding data and then
we reach the main conclusions.
2 Theoretical model
The physical picture of the ionosphere, which is envisaged as
the basis for the present study, composed of neutral particles,
ions, electrons and the heavy charged ice particles. Consid-
ering that the vertical scale of the narrow ice particle layers
is often one hundred metres to one or two kilometres, it is
a very small scale compared to a horizontal wavelength of
the gravity wave. The horizontal variations can be neglected.
The one-dimensional continuity equation for the charged ice
particle can be expressed as:
∂nd
∂t
+
∂(nduz)
∂z
=S (1)
Where nd and uz are the charged ice particle’s vertical speed
and number density, respectively, S =Qd −Ld is the source
term, Qd is the production rate and Ld the loss rate. As a
good approximation, for simplicity, we neglect the produc-
tion and loss rate in the present study. The uz is given by the
momentum equation as:
mdnd

∂ud
∂t
+ud
∂ud
∂z

= −zdendE−ndmdυdn(ud −un)
−
∂pd
∂z
+mdndg (2)
Where Td, md and zd are the ice particle temperature, mass
and number of charge on each ice particle, pd =ndkBTd is
the partial pressure, kB is Boltzmann constant, g is the gravi-
tational acceleration, υdn is the collision frequency with neu-
tral particles, E is the electric ﬁeld, respectively. And here
un denotes the velocities of the neutral particles.
Generally speaking, according to Eq. (2), the motion of
charged ice particles in the mesopause is mainly governed
by electric ﬁeld, collision, ambipolar diffusion and gravity
ﬁeld. The collision frequency with the neutral atmosphere
is so high. The ice particles are accelerated to their terminal
speed so quickly that inertial effects will not be important.
The momentum equation for ice particles then simpliﬁes to
a force balance equation in which advection of momentum
can be neglected. The same consideration is taken in ear-
lier work that modelling the plasma response to ice particle
perturbations (Lie-Svendsen et al., 2003).
−zdendE−ndmdυdn(ud −un)−
∂pd
∂z
+mdndg =0 (3)
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profile to determine the initial distribution in our model calculation. That is, the lower the temperature, the larger 
the ice particle density. According to the temperature profile by the sounding rocket measuring (Lübken et al., 
2002), the initial vertical profile of the ice particle density is can be regard as the Gaussian distribution. 
                         
22
00 exp( ( ) / 2 ) dd nn h h σ =− −                                 ( 6 )  
Here  2.5km σ =   is the half-width of the layers. The  0 86 hk m = is the central height, where the height of 
the PMSE phenomena is observed very often (Rapp et al., 2003). And at the central height the maximum ice 
particle density . As is seen in the Fig.1, the simulating time interval is 30min for each panel and 
the model runs for 150min. As a reference case, the gravity wave parameter with vertical wavelength of 3km, an 
intrinsic period of 2 hours and the ration coefficient A of 1 m/s and
9
0 11 0 d n
− =×
3 m
m 0 80 zk = have been adopted in the equation 
(4). Some detailed features are given below. After the model runs for 30min, the initial profile changes gradually 
from one peak to three-layers, which is respectively located at 83 km, 85km and 88km, and the middle layer, is 
more outstanding. If we let the model run for one hour, two distinct layers appear, and both of the two layers have 
the same shape. When the model is run more than one period, the layers gradually disappear and basically go back 
to the initial state. Of course, with the gravity waves keeping on perturbation, the ice layers can continuously form 
and evolve by the gravity waves cyclic activity. In addition, since that the diffusion of the charged ice particle is 
very slow, the layered structure of charged ice particle can maintain for a period of time when the gravity waves 
disappear. These might explain why the PMSE phenomena can keep long duration in the summer mespause.   
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Fig. 1 The number density profiles evolution before and after modulation by the gravity waves. The time 
interval is 30min (t=0, 30, 60, 90,120,150 min) for each panel. With the vertical gravity wavelength of 3km,   
an intrinsic period of 2 hours 
 
3.2 The effect of the vertical wavelength 
The sounding rocket observations show that the ice particles appear often in the forms of one, two or even 
multi-layers. In order to explain the origin of this multiple layers, basing on the above hypothesis of gravity wave 
modulation, we conclude that the number of layers depends on the ratio of the initial thickness of charged ice 
particles to the vertical gravity wavelength. Figure 2 shows the structure evolution of charged ice particle layers 
with different vertical gravity wavelength  λ =3 km, 4 km, 5 km, respectively and the other parameters are the 
Fig. 1. The number density proﬁles evolution before and after modulation by the gravity waves. The time interval is 30min (t =0, 30, 60,
90, 120, 150min) for each panel. With the vertical gravity wavelength of 3km an intrinsic period of 2h.
Using typical values of the above parameters, we simply
compute the force acting on the charged ice particles. We
ﬁnd that the pressure gradient force is everywhere less than
1% of the gravitation. For single charged particles, being ev-
erywhere, the electric force is also smaller than 10−3 times
the gravitation. Hence, as a good approximation, the colli-
sion with the neutral particle and the gravitation is likely to
be the dominant force controlling the motion of the charged
ice particles.
Generally speaking, the velocity of neutral particles un
in Eq. (3) is equal to the sum of the background wind and
the gravity waves vertical perturbation velocities. Consider-
ing the conservation of energy, we assume that the upward
propagating gravity waves grow exponentially with altitude
to balance the decreasing atmospheric density. Since energy
is proportional to velocity squared, the wave velocities grow
as e(z−z0)/2H, where H is the scale height of the atmospheric
density. So the linear perturbations of gravity waves can be
simply written in the following form (Hines, 1960):
ω(z,t)=A·exp

z−z0
2H

exp[j(wt −k·r)] (4)
Here w =2π/T denotes the wave frequency and k =2π/λ
is the wave vector. T, λ are the gravity wave intrinsic period
and wavelength. A is a ratio coefﬁcient. Thus, the vertical
wind ﬁeld as a function of altitude and time can be written
as uz(z,t)=Real(ω). And the atmospheric scale height H ≈
7km is assumed as a constant for the mesospause heights in
the present study.
Another important consideration is the collision of the ice
particles. If the standard hard sphere model (Angelo, 2005)
is used to calculate the dust-neutral collision frequency then,
υdn ≈
4mnnnr2
d
md
Cn (5)
Where nn, mn, Cn and rd are the neutral density, mass, ther-
mal velocity and dust radius, respectively.
3 Numerical results and discussions
3.1 The parameters and the solution of a reference case
In order to approach the experiment, the calculation param-
eters are chosen to match the earlier observations (Rapp et
al., 2002) in this paper. The vertical wavelength of the grav-
ity wave is taken from 3km to 7km, and the intrinsic pe-
riod is some hours. The other parameters are neutral atmo-
sphere number density nn = 1×1020 m−3 and temperature
Tn =Td =Ti =140K, respectively. For the charged ice par-
ticles radius rd = 10nm, and md/mn ≈ 105. Furthermore,
the ﬁrst-order space derivative to zero, namely ∂nd/∂z=0,
has also been adopted to decide the upper and lower bound-
ary condition in the numerical solutions.
Figure 1 shows the numerical results about how a broader
initial charged ice particle distribution transforms into dis-
tinct thin-layer structures. Owing to the ice particle forma-
tion, mainly decided by the thermal structure in the polar
mesopause and the temperature variation being a relatively
slower physical process, we use the temperature proﬁle to
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same to Fig.1. As a reference case, the model was run for an hour. For example, when the  λ =3km, three layers 
can be produced (Fig. a), double-layers when  λ =4 km (Fig. b), and, only one obvious single layer when  λ =5 
km (Fig. c).   
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Fig. 2 The influence of vertical wavelength on the formation of ice particle layers, 
The wavelength λ=3km, 4km, 5km respectively. 
Moreover, as is seen from Fig.2, when the number of layer decreases, the vertical thickness of the layers are 
increases. It well coincides with observations by the sounding rocket (Havnes et al., 1996; Havnes and Brattli, 
2001; Rapp and Strelnikova, 2009). Besides the vertical wavelength, other gravity wave parameters also have an 
influence on the formation and evolution of the layers. For example, the gravity wave periods can influence the 
evolution time of the ice layers.   
 
3.3 Effect of the ice particle size 
In fact, the number of layers not only depends on the vertical wavelength but also on the ice particles size. In 
the above result, we have assumed that the ice particles have a uniform radius =10nm. As is known to all, the 
fall speed of the heavy particle would be more quickly than the smaller particle one. Therefore, the different 
particle size has also been taken into account in the present study. Fig.3 is the reference case for three different 
sizes of the ice particles =10nm, 30nm, 50nm, respectively and the gravity wave parameters are the same as the 
Fig.1.  
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Fig. 3 The formation of layer structures with the different ice particle size   
The size rd=10nm, 30nm, 50nm respectively. 
From the Fig. 3, we can see that the particle size also affects the formation of layers. When the gravity waves 
parameters are fixed, with the increasing of the ice particle size, the height of the layers gradually falls and it 
becomes more difficult to form. Also, the smaller the particle is, the easier the formation of these layered 
structures, and the shift or disappearance is faster than the bigger particle one. Furthermore, the wind velocity 
caused by gravity wave is also a key factor. According to our model, the bigger the wind velocity is, the faster and 
easier for ice particles to reach layered structures.   
Fig. 2. The inﬂuence of vertical wavelength on the formation of ice particle layers, the wavelength λ=3km, 4km, 5km, respectively.
determine the initial distribution in our model calculation.
That is, the lower the temperature, the larger the ice particle
density. According to the temperature proﬁle by the sound-
ing rocket measuring (L¨ ubken et al., 2002), the initial verti-
cal proﬁle of the ice particle density can be regarded as the
Gaussian distribution.
nd =nd0exp(−(h−h0)2/2σ2) (6)
Here σ = 2.5km is the half-width of the layers. The h0 =
86km is the central height, where the height of the PMSE
phenomena is very often observed (Rapp et al., 2003). And
at the central height the maximum ice particle density nd0 =
1×109 m−3. As is seen in Fig. 1, the simulating time interval
is 30min for each panel and the model runs for 150min. As
a reference case, the gravity wave parameter with a vertical
wavelength of 3km, an intrinsic period of 2h and the ration
coefﬁcient A of 1ms−1 and z0 =80km have been adopted
in Eq. (4). Some detailed features are given below. After
the model runs for 30min, the initial proﬁle changes gradu-
ally from one peak to three-layers, which is located at 83km,
85km and 88km, respectively, and the middle layer, is more
outstanding. If we let the model run for one hour, two dis-
tinct layers appear, and both of the two layers have the same
shape. When the model is run more than one period, the lay-
ers gradually disappear and basically go back to the initial
state. Of course, with the gravity waves keeping on perturba-
tion, the ice layers can continuously form and evolve by the
gravity waves cyclic activity. In addition, since the diffusion
of the charged ice particle is very slow, the layered structure
of charged ice particle can be maintained for a period of time
when the gravity waves disappear. These might explain why
the PMSE phenomena can have a long duration in the sum-
mer mespause.
3.2 The effect of the vertical wavelength
The sounding rocket observations show that the ice parti-
cles appear often in the forms of one, two or even multi-
layers. In order to explain the origin of this multiple layers,
based on the above hypothesis of gravity wave modulation,
we conclude that the number of layers depends on the ratio
of the initial thickness of charged ice particles to the vertical
gravity wavelength. Figure 2 shows the structure evolution
of charged ice particle layers with different vertical gravity
wavelength λ=3km, 4km, 5km, respectively, and the other
parameters are the same to Fig. 1. As a reference case, the
model was run for an hour. For example, when the λ=3km,
three layers can be produced (panel a), double-layers when
λ=4km (panel b), and only one obvious single layer when
λ=5km (panel c).
Moreover, as is seen from Fig. 2, when the number of lay-
ers decrease, the vertical thickness of the layers increase.
It well coincides with observations by the sounding rocket
(Havnes et al., 1996; Havnes and Brattli, 2001; Rapp and
Strelnikova, 2009). Besides the vertical wavelength, other
gravity wave parameters also have an inﬂuence on the for-
mation and evolution of the layers. For example, the gravity
wave periods can inﬂuence the evolution time of the ice lay-
ers.
3.3 Effect of the ice particle size
In fact, the number of layers not only depends on the vertical
wavelength but also on the ice particles size. In the above
result, we have assumed that the ice particles have a uni-
form radius rd = 10nm. As is known to all, the fall speed
of the heavy particle would be quicker than the smaller parti-
cle. Therefore, the different particle sizes has also been taken
into account in the present study. Figure 3 is the reference
case for three different sizes of the ice particles rd =10nm,
30nm, 50nm, respectively, and the gravity wave parameters
are the same as the Fig. 1.
From Fig. 3, we can see that the particle size also affects
the formation of layers. When the gravity wave parameters
are ﬁxed, with the increase of the ice particle size, the height
of the layers gradually falls and it becomes more difﬁcult to
form. Also, the smaller the particle is, the easier the forma-
tion of these layered structures, and the shift or disappear-
ance is faster than the bigger particle one. Furthermore, the
wind velocity caused by gravity wave is also a key factor.
According to our model, the faster the wind velocity is, the
faster and easier for ice particles to reach layered structures.
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same to Fig.1. As a reference case, the model was run for an hour. For example, when the  λ =3km, three layers 
can be produced (Fig. a), double-layers when  λ =4 km (Fig. b), and, only one obvious single layer when  λ =5 
km (Fig. c).   
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Fig. 2 The influence of vertical wavelength on the formation of ice particle layers, 
The wavelength λ=3km, 4km, 5km respectively. 
Moreover, as is seen from Fig.2, when the number of layer decreases, the vertical thickness of the layers are 
increases. It well coincides with observations by the sounding rocket (Havnes et al., 1996; Havnes and Brattli, 
2001; Rapp and Strelnikova, 2009). Besides the vertical wavelength, other gravity wave parameters also have an 
influence on the formation and evolution of the layers. For example, the gravity wave periods can influence the 
evolution time of the ice layers.   
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In fact, the number of layers not only depends on the vertical wavelength but also on the ice particles size. In 
the above result, we have assumed that the ice particles have a uniform radius =10nm. As is known to all, the 
fall speed of the heavy particle would be more quickly than the smaller particle one. Therefore, the different 
particle size has also been taken into account in the present study. Fig.3 is the reference case for three different 
sizes of the ice particles =10nm, 30nm, 50nm, respectively and the gravity wave parameters are the same as the 
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Fig. 3 The formation of layer structures with the different ice particle size   
The size rd=10nm, 30nm, 50nm respectively. 
From the Fig. 3, we can see that the particle size also affects the formation of layers. When the gravity waves 
parameters are fixed, with the increasing of the ice particle size, the height of the layers gradually falls and it 
becomes more difficult to form. Also, the smaller the particle is, the easier the formation of these layered 
structures, and the shift or disappearance is faster than the bigger particle one. Furthermore, the wind velocity 
caused by gravity wave is also a key factor. According to our model, the bigger the wind velocity is, the faster and 
easier for ice particles to reach layered structures.   
Fig. 3. The formation of layer structures with the different ice particle sizes; the size rd =10nm, 30nm, 50nm, respectively.
3.4 Electron density depletion layers and compared with ECT02 experiment data 
In order to test the above theory, we try to reproduce the experimental result recorded during the ECT02 
sounding rocket campaign (Havnes et al., 1996). The initial distribution is also replaced by the Gaussian 
distribution with the central height at  region, which corresponds to a temperature minimum value 
during ECT02 campaign. As is seen from Fig.4 (the black thick line), without the measuring of the gravity wave 
parameter during the ECT02 campaign, we can but estimate the gravity wave parameter in our model calculation. 
For example, with the vertical wavelength is about 2.5 km and period is 4 hours, the simulation results is in Fig. 4. 
Then we use this gravity wave parameter to reproduce the distribution of ion and electron density and compare 
them to ECT02 experimental data again in the following section. 
87 hk = m
0.0 2.0x10
9 4.0x10
9 6.0x10
9 82
84
86
88
90
a
l
t
i
t
u
d
e
[
k
m
]
charged ice density[m
-3]
 
Fig.4 The ECT02 rocket sounding data (thin black line). The model calculations results (in a red line).   
With the estimated vertical wavelength of 2.5 km, the period is 4 hours. 
 
Fig. 4 shows that theoretical profiles well agree with the experimental data when a reasonable gravity wave 
parameter is chosen. While, the location of the bottom-side layer have a little deviation compared with the data, 
which may be resulted from the variation of the vertical wavelength with the height.   
According to the observations, electron density profiles often display bite-outs at the same height as the 
simultaneously observed ice layers (Ulwick et al., 1988), which also can see in Fig. 5 (black thin line), the date 
from the ECT02 campaign. At present, the reasonable explanation for these depletion layers is scavenging of 
electrons by these ice particles. Generally speaking, the free electron density distribution is not only controlled 
by ice particle density, but also can be influenced by the ion density distribution in dusty plasma. In the above 
sections, we have concluded that the ice particle layers are mainly produced by the gravity wave modulation. 
However, some papers (e.g. Hall, 1990) have reported that gravity wave can also effectively modulate the spatial 
distribution of the ion density. So the variation of ion density distribution under the influence of gravity wave 
would also been studied. And then, we simulate the distribution of electron density according to charge 
conservation laws.   
While only considering the influence of gravity wave (neglecting the electric field, etc.), the vertical ion drift 
in the ionosphere is given by (Kirkwood, 1989): 
 
2
22
cos sin cos cos
[1 ]
11 1
iE N
iz z
ii
wI wI I
2
i
I
u
ρ
w
ρ ρρ
=− + −
++ +
 (7) 
Where ,  and  are the northward, eastward and vertical component of the neutral wind, respectively, 
which is mainly caused by gravity wave in the present paper, rather than the background wind. 
N w E w z w
I is the 
inclination of the magnetic field,  100 ρ ≈ is the ration of ion-neutral collision frequency to ion gyro frequency 
Fig. 4. The ECT02 rocket sounding data (thin black line). The
modelcalculationsresults(inaredline). Withtheestimatedvertical
wavelength of 2.5km, the period is 4h.
3.4 Electron density depletion layers and compared
with ECT02 experiment data
In order to test the above theory, we try to reproduce the
experimental result recorded during the ECT02 sounding
rocket campaign (Havnes et al., 1996). The initial distribu-
tion is also replaced by the Gaussian distribution with the
central height at h = 87km region, which corresponds to a
temperature minimum value during ECT02 campaign. As is
seen from Fig. 4 (the black thick line), without the measur-
ing of the gravity wave parameter during the ECT02 cam-
paign, we can but estimate the gravity wave parameter in our
model calculation. For example, the vertical wavelength is
about 2.5km and the period is 4h, the simulation results is in
Fig. 4. Then we use this gravity wave parameter to reproduce
the distribution of ion and electron density and compare them
to ECT02 experimental data again in the following section.
Figure 4 shows that theoretical proﬁles agree well with the
experimental data when a reasonable gravity wave parameter
is chosen. While, the location of the bottom-side layer has a
little deviation compared to the data, which may be the result
from the variation of the vertical wavelength with the height.
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Fig.5 Electron density profile from the ECT02 rocket data (black thin line). The undisturbed distribution (black 
thick line) is extrapolated from the ECT02 measuring. The model result which only considers the scavenging 
electron by ice particle (blue solid line). And the charged ice particle distribution together with the ion density 
distribution effects on the electron density distribution (red solid line). 
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  Fig.6 Gravity wave modulates the ion density distribution. (red solid line).   
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Fig. 5. Electron density proﬁle from the ECT02 rocket data (black
thin line). The undisturbed distribution (black thick line) is extrap-
olated from the ECT02 measuring. The model result which only
considers the scavenging electron by ice particle (blue solid line).
And the charged ice particle distribution together with the ion den-
sitydistributioneffectsontheelectrondensitydistribution(redsolid
line).
According tothe observations, electron density proﬁles of-
ten display bite-outs at the same height as the simultaneously
observed ice layers (Ulwick et al., 1988), which also can be
seen in Fig. 5 (black thin line), the date from the ECT02
campaign. At present, the reasonable explanation for these
depletion layers is the scavenging of electrons by these ice
particles. Generally speaking, the free electron density dis-
tribution is not only controlled by ice particle density, but can
also be inﬂuenced by the ion density distribution in dusty
plasma. In the above sections, we have concluded that the
ice particle layers are mainly produced by the gravity wave
modulation. However, some papers (e.g. Hall, 1990) have
reported that the gravity wave can also effectively modulate
the spatial distribution of the ion density. So the variation of
ion density distribution under the inﬂuence of gravity wave
would also been studied. And then, we simulate the distri-
bution of electron density according to charge conservation
laws.
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Fig. 6. Gravity wave modulates the ion density distribution (red
solid line). The measuring result (black thin line) is also from the
ECT02 rocket data.
While only considering the inﬂuence of gravity wave (ne-
glecting the electric ﬁeld, etc.), the vertical ion drift in the
ionosphere is given by (Kirkwood, 1989):
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where wN, wE and wz are the northward, eastward and ver-
tical component of the neutral wind, respectively, which is
mainly caused by gravity wave in the present paper, rather
than the background wind. I is the inclination of the mag-
netic ﬁeld, ρ ≈100 is the ration of ion-neutral collision fre-
quency to ion gyro frequency and the other plasma parame-
ters that have been chosen are quite similar to the polar sum-
mer mesopause. Combining the ion continue equation and
Eq. (7), the gravity wave effects on the ion density distribu-
tion during the ECT02 experiment have also been calculated,
among which, the gravity wave model is the same as Eq. (4)
and the parameter is the same as that in Fig. 4. As is seen
from Fig. 6, the calculation result is shown in a red line and
the undisturbed proﬁle (black thick line) is extrapolated from
the ECT02 measuring data (black thin line). Figure 6 also
shows that the ion density displays a layered structure under
the inﬂuence of the gravity wave, and the variation trend of
the space distribution are also well coincided with the exper-
imental data.
According to the charge conservation laws and combining
the result of Fig. 4 with that of Fig. 6, we reproduce the elec-
tron density distribution and compare with the ECT02 data
again. Calculation results are shown in Fig. 5 (red solid line).
It is interesting to note that, although electron density deple-
tion layers are mainly caused by the ice particle layers, while
the model calculation are more coincided with the ECT02
data, when taking into consider the variation of ion density
(Fig. 6).
4 Conclusion
Several studies of large-scale layered dusty plasma structures
at the same height as simultaneously observed PMSE have
previously been considered that these layers could probably
be caused by the gravity waves. But some of the explanations
focus mainly on the chemical processes or turbulence result-
ing from the gravity wave breaking. One aspect which has
not been considered is the ice particle transport by the neu-
tral winds caused by gravity waves. Here we have assumed
that the height variation of the neutral winds is mainly caused
by the presence of gravity waves. It is obvious that using an
exponential growth of the gravity wave model, in this pa-
per, may result in an oversimpliﬁcation and idealization of
the problem. Nevertheless, the degree of agreement between
this theoretical results and observations help us reach a bet-
ter understanding of the physical process that are potentially
responsible for the formation and evolution of these layered
dusty plasma structures. As Fig. 4 and Fig. 5 shows that cal-
culation results well agree with the experimental data when
a reasonable gravity wave parameter is chosen. Furthermore,
the proposed mechanism can also explain the multi-layers
phenomena, which is controlled by the vertical wavelength
of the gravity waves, the particle size and the winds velocity.
Thus, it is suggested that the idea presented in this paper may
be reasonable.
In addition, most of the in situ rocket measurements in-
dicated that, besides the large-scale layered structures, the
small-scale irregularities can extend over a wider altitude
range. It is commonly in agreement that the small-scale
charged ice particle and electron density irregularities are
likely caused by turbulence. While, only considering the tur-
bulence theory to explain these small-scale structures in the
PMSE layer remains an open question. Based on the interac-
tion between charged ice particle and gravity wave activity in
the present study, some dusty plasma physical process, such
as the dusty plasma instability, should be attempt to explain
these small-scale structures, this is worth further investiga-
tion. A more detailed analysis of this question is beyond the
scope of this paper.
To further conﬁrm the idea presented in this paper, it
should be taken into consideration to construct a compre-
hensive model to solve the problem regarding these layered
structures. And the more in situ and ground-based mutual-
parameter observations should be obtained in the future, for
example, the simultaneous measurement of gravity wave pa-
rameters and dusty plasma structures during the PMSE ob-
servations.
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